Wollastonite is abundantly available in Rajasthan, Tamil Nadu, Uttarakhand, and Andhra Pradesh states of the Indian Union as a low-cost material. In this study, investigations were made on pastes and mortars to evaluate its potential as a new material for admixing with ordinary portland cement with or without microsilica. Its physical and chemical properties were analyzed. Wollastonite consists of 45.6% of CaO and 48% of SiO 2 , mostly in amorphous form. It has an average specific surface area of 842.7 m 2 / kg and retention on 45-micron sieve of 3.20%. When ground to fine powder, it attains an average particle size of 4 microns which is about 4.5 times finer than ordinary portland cement. Scanning electron microscope images show that wollastonite particles were solid, acicular in shape, and have rough surfaces. Several cementitious mix proportions of ordinary portland cement, wollastonite, and microsilica were investigated for normal consistency, initial and final setting time of paste, and compressive strength of mortar. Test results indicate that the mortar, which contains 82.5% cement, 10% wollastonite, and 7.5% microsilica, as cementitious material attains the highest compressive strength. The mortar, which contains 77.5% cement, 15% wollastonite, and 7.5% microsilica, as cementitious material achieves compressive strength higher than the conventional OPC mortar along with rendering maximum cement replacement for better economy of concrete work. It was observed that the compressive strength of mortar varied logarithmically with the days of moist curing and linearly with the proportion of admixing. Suitable predictive models are presented accordingly.
Introduction
Cement plants are known to consume high energy and produce a large amount of undesirable products that affect our environment. Mineral admixtures are considered as a viable solution to meet the ever increasing demand of cement as well as to prevail upon the energy consumption and CO 2 emissions ͑Kenai et al. 2004͒ . They are widely used as partial substitute for ordinary portland cement ͑OPC͒ because of advantageous properties like cost reduction, reduction in heat of hydration, decreased permeability, increased chemical resistance ͑Mehta 1981 ; Massazza 1993; Tagnit-Hamou et al. 2003͒ , improved workability ͑Uzal and Turanli 2003͒, reduced bleeding, increased compressive strength ͑Chai and Boonmark 2003͒, and lower Ca͑OH͒ 2 content ͑Zhang et al. 1996͒. However, they are often identified with longer moist curing and reduction in early age strength up to 28 days. Pozzolanic reaction produces additional calcium silicate hydrates ͑CSHs͒ and calcium aluminate hydrates ͑CAHs͒ due to reaction of SiO 2 and Al 2 O 3 with Ca͑OH͒ 2 ͓American Concrete Institute ͑ACI͒ 2000͔. Also, large size crystals of CSH gets converted to smaller crystals, leading to a denser concrete matrix and consequent reduction of pore size ͑Monteiro and Mehta 1986͒.
Wollastonite is a naturally occurring mineral formed due to interaction of limestone with silica in hot magmas ͑Paul 1977͒. Chemically, it is calcium-metasilicate ͑Ramachandran et al. 1981͒ . It is an acicular and white mineral of high modulus of elasticity ͑Mathur et al. 2007͒ . The aspect ratio varies from 3:1 to 20:1. It is abundantly available in Rajasthan, Tamil Nadu, Uttarakhand, and Andhra Pradesh states of the Indian union as a lowcost material. The present rate of extraction is about 250,000 MT per year from mines of Udaipur alone. It is being used for reduction of shrinkage cracks in ceramic tiles and refractories, improvement of tensile strength of plastics, and it is employed as a pH buffer to help resist weathering in paints, apart from finding applications in dental care, rubber, wall board, etc. ͑Wolkem India Limited 2003͒. Its chemical composition of nearly equal proportions of lime and silica along with fine particle size were viewed as favorable indicators for admixing with OPC.
Microsilica is a by-product of silicon or ferro-silicon alloy industries ͑Malhotra et al. 1987͒. Its high siliceous composition and very fine particle size were used beneficially in many works to improve the properties of fresh and hardened concrete ͑Bentz and Stutzman 1994͒.
The objective of the present work is to facilitate the utilization of wollastonite as a new material with or without microsilica for partial replacement of OPC. This is done by determining the optimal level of replacement based on compressive strength.
Experimental Program

Raw Materials
OPC 43, grade fine amorphous wollastonite powder, and densified 920D-grade microsilica were used as cementitious materials. Standard Ennore sand was used as fine aggregate. Potable water was used for mixing and curing.
Chemical composition of OPC, wollastonite, and microsilica were analyzed by X-ray fluorescence spectrometer. Physical properties such as specific gravity, material retained on 45-micron sieve, specific surface of OPC by Blaine's method, and that of wollastonite and microsilica by BET method, mean grain size by Ankersmid CIS-50 laser particle size analyzer, particle shape of materials by Phillips 505 scanning electron microscope ͑SEM͒, and mineralogical analysis of materials by Rigaku make, 12-kW rotating anode X-ray diffractometer ͑XRD͒ were also investigated. The aforementioned tests are only for measuring the properties of the raw materials and not of pastes or mortars.
Mixture Proportions
Two types of mixtures-one each for pastes and mortars-were prepared. In both of them the OPC was replaced with wollastonite and microsilica to obtain new cementitious materials. The cementitious materials were prepared by replacing OPC with wollastonite at a regular interval of 2.5 up to 30% ͑designated from W1 to W12͒ and microsilica at equal increments of 2.5 up to 12.5% ͑designated from M1 to M5͒ by weight of OPC in dry condition, as shown in Table 1 . Again, OPC was replaced by wollastonite and microsilica together in various combinations ͑designated from X2 to X5͒ based on the compressive strength test results of mortar obtained from the aforementioned mix proportions. X0, W0, and M0 were referred to the mix having 100% OPC ͑con-trol͒, 100% wollastonite, and 100% microsilica, respectively, as cementitious materials. The cementitious materials were thoroughly homogenized and kept in polythene bottles.
The pastes were prepared at their normal consistency for setting time test and XRD. Mortars on the other hand were prepared with the same cementitious materials as pastes, but with a common water-cementitious material ratio ͑w / c͒.
Paste
Normal consistency was reckoned as the amount of water required to produce a cement paste to resist a specified pressure. In other words, it is that limit of water at which the cement paste resists the penetration of a standard plunger ͑10-mm diameter͒ under a standard loading of 300 g up to a distance of 10Ϯ 1 mm below the original surface of Vicat apparatus in a specified time of 30 s. Setting time is reckoned as the time consumed by cement paste at normal consistency to attain a hardened state by resisting a specified pressure. Periodic penetration tests were performed on paste by allowing a 1-mm-diameter Vicat needle to settle into paste. The time elapsed between initial contact of cement and water and the time when the penetration is measured or calculated to be 25 mm is the initial setting time. Final setting time is the time elapsed between initial contact of cement and water and the time when the needle does not leave a complete circular impression on the paste surface.
In the present investigation, new cementitious materials were finer than OPC due to admixing of wollastonite and microsilica. The effect of fineness on normal consistency and setting times of pastes of all cementitious materials were investigated in accordance with ASTM C187 ͑ASTM 2004͒ and ASTM C191 ͑ASTM 2008a͒, respectively, and compared with those of the control paste.
XRD analysis of cementitious materials were also conducted on pastes to reveal the hydrated compounds. The pastes had w / c of 0.32 for 100% OPC; 0.65 for 100% wollastonite; 0.76 for 100% microsilica; 0.39 for OPC:wollastonite in the proportion of 85:15; 0.37 for OPC:microsilica in the proportion of 92.5:7.5; and 0.42 for OPC:wollastonite:microsilica in the proportion of 82.5:10:7.5. The specimens were cast for a thickness of about 20 mm on a Perspex sheet plate 50 mmϫ 50 mm ensuring a level surface. They were left covered in the casting room for 24 h, and thereafter transferred to a moist closet having relative humidity of not less than 90% and temperature of 23Ϯ 3°C. After 28 days, the specimens were preconditioned by drying in an oven at 50Ϯ 2°C for 24 h and then allowed to cool for 3 days in a sealed container at 23Ϯ 3°C. Thereafter, the specimens were powdered for XRD.
Mortar
Mortar was prepared containing one part of cementitious material to three parts of standard Ennore river sand by weight. The control mortar has the required workability at w / c of 0.50. This w / c was maintained for all admixed mortars and a high-range water reducer ͑HRWR͒ was used to compensate for the loss in workability due to an increase in surface area. Its dosage was determined by compatibility test on pastes at the w / c of 0.50 in Marsh cone apparatus.
The same procedure was adopted for preparation of admixed mortar and control mortar. Mortar cubes of 7.06 cm were cast and removed from molds after 24 h and then cured in water until the time of testing. Compressive strengths of mortars were determined after the ages of 3, 7, 28, 60, 90, and 365 days of moist curing. Three cubes were tested in a hydraulically operated compression testing machine by applying steady and uniform load starting from zero at the rate of 35 N / mm 2 / min until the failure of the specimen. Table 2 presents the chemical composition of OPC, wollastonite, and microsilica. When considered in terms of ASTM C618 ͑ASTM 2008b͒, wollastonite may be classified as Class C pozzolan. Its loss on ignition was less than 10% which is in conformity with the code. Chemically, wollastonite comprises 45.6% CaO and 48% SiO 2 . Therefore, it is likely to have some cementitious properties in addition to pozzolanic properties. Microsilica on the other hand has high SiO 2 content of 94%. Table 3 shows the specific gravity, material passing through a 45-micron sieve ͑by wet sieve͒, specific surface and mean grain size of OPC, wollastonite, and microsilica. The mean grain sizes suggest that the wollastonite particles were about 4.5 times and microsilica particles were 30 times finer than OPC ͑Ransinchung et al. 2009͒. The fineness of microsilica was higher than that of wollastonite by about 2.5 times when considered in terms of BET method. Fig. 1 shows the particle size and shape of OPC, wollastonite, and microsilica using SEM. It was seen that OPC particles were irregular, wollastonite particles were acicular, and microsilica particles were spherical in shape. Both OPC and wollastonite had solid particles with rough surfaces. The particle sizes of wollastonite were observed to be finer than that of OPC while microsilica comprised agglomeration of ultrafine particles with smoother surface. So, admixing of both finer materials to OPC has the effect of increasing the surface area of the cementitious materials, particularly in case of microsilica. The agglomerates of densified microsilica are designed to break up during mixing process into individual small size spheres of microsilica, while that of wollastonite are themselves capable of dispersing during mixing. This increase in surface area increases the water demand of cementitious materials and reduces workability ͑Neville 1995͒. The particle shapes and sizes in SEM images suggests that there are strong possibilities of infilling of voids between OPC particles by finer particles of wollastonite and microsilica. This may lead to a refinement of microstructure that may contribute to the higher compressive strength of mortars. Table 4 shows the normal consistency of control and admixed pastes. The normal consistency of 100% OPC ͑control͒ paste, 100% wollastonite paste, and 100% microsilica paste were 32, 65, and 76%, respectively. When compared to the control paste, the normal consistency of OPC-wollastonite paste had increased in the range of 32.8-47% on admixing of wollastonite in equal increment of 2.5 up to 30%. Similarly, the normal consistency of OPC-microsilica paste had increased in the range of 33.5-40% on admixing of microsilica in equal increment of 2.5 up to 12.5%. In OPC-wollastonite-microsilica paste, the normal consistency had increased from 39.5 to 42% when microsilica proportion was increased from 5% in X2 to 7.5% in X3, while maintaining the uniform wollastonite proportion at 10%. It had also increased from 43 to 44.5% when microsilica proportion was increased from 5% in X4 to 7.5% in X5, while maintaining the uniform wollastonite proportion at 15%.
Results and Discussions
Raw Materials
Paste
Normal Consistency
As much as 2.5-47% of additional water requirement over OPC paste was observed for OPC-wollastonite paste containing 2.5-30% wollastonite. Similarly, 5-25% additional water was required for OPC-microsilica paste containing 2.5-12.5% microsilica. In OPC-wollastonite-microsilica paste, the additional water requirement over OPC paste was observed to be 23% for X2, 31% for X3, 34% for X4, and 39% for X5. Additional water requirement refers to the water required by admixed pastes over and above the water required by 100% OPC paste ͑control͒ for attaining normal consistency.
The consistency of cementitious material depends on its type and fineness. More water requirement was reported for cements having higher fineness values ͑Rao 2003; Ganesan et al. 2007; Temiz et al. 2007͒ . Since wollastonite and microsilica were finer than OPC, the specific surface area of resulting cementitious material increases, thereby needing more water to maintain the same normal consistency. Using the experimentally obtained results, estimation of normal consistency as a variable function f͑x͒ was found to be dependent on values of variables x 1 ͑wollastonite proportion, %͒ and x 2 ͑microsilica proportion, %͒ using the following model:
where a = constant and b and c = coefficients of variables x 1 and x 2 , respectively.
Predictive models for normal consistency having a w / c ratio of 0.50 are presented in Table 5 . It is observed that the equation obtained for microsilica in the present work have better coefficient of determination values.
Setting Times
The ability of cementitious material to make fluid mortar into hardened state is represented by setting time. Setting times of control and admixed pastes are shown in Table 4 .
Initial and final setting times of OPC paste were 155 and 211 min, respectively. For OPC-wollastonite paste, the initial and final setting times had increased up to 25 and 27.5%, respectively, on admixing of wollastonite, beyond which it has decreased. Increase in setting time may be attributed to the delay in hydration reaction due to increase of wollastonite proportion in the cementitious material which has a lower CaO content as compared to OPC. After attaining a tipping point of increase, the setting times had subsequently decreased. This decrease may be due to adequate proportion of wollastonite in cementitious material, causing physical rearrangement of particles due to infilling of pores in paste, leading to densification and increased resistance to the penetration of Vicat needle. Second being Class C pozzolan, adequate quantity of wollastonite in paste may have helped hydration as well as pozzolanic reactions.
For OPC-microsilica paste, the initial setting time has decreased with the increase in microsilica proportion. However, the decrease in final setting time was largely insignificant with the increase in microsilica proportion. Similar observations were also made by Rao ͑2003͒. Some studies have reported that the pozzolanic action of microsilica was very active at early hours of hydration ͑Larbi et Bonen and Khayat 1995; Babu and In OPC-wollastonite-microsilica paste, the initial and final setting times had decreased from mix designation X2 to mix designation X3, and also from mix designation X4 to mix designation X5 with the respective increase of microsilica proportion from 5 to 7.5%. Among them the shortest setting times has occurred in paste X3 and the longest in paste X4. The results suggest that X3 was the most suitable mix proportion to obtain the optimum level of pozzolanic reaction and particle packing. Its initial and final setting times were 1.03 and 1.12 times, respectively, longer than that of control paste. The initial and final setting times for Paste X5 incorporating maximum wollastonite proportion of 15% were 1.10 and 1.18 times, respectively, longer than the control paste. The hydration reaction of CaO available in OPC and wollastonite with water may form CSH directly, while the liberated Ca͑OH͒ 2 may react with the SiO 2 available in microsilica and wollastonite to form additional CSH. This illustrates the pivotal role of wollastonite in reducing the OPC and microsilica proportion which are costlier ingredients of concrete. Setting times of all cementitious materials were within the allowance specified by ASTM C150 ͑ASTM 2007͒.
Mineralogical Analysis of Paste
The XRD patterns for control and admixed pastes are shown in Figs. 2-7. Fig. 2 of control paste shows the prominence of hydrated products like CSH, Ca͑OH͒ 2 , and CaCO 3 and unhydrated compounds like alite ͑C 3 S͒ and belite ͑␤-C 2 S͒, along with small amounts of Fe 2 O 3 and quartz ͑SiO 2 ͒. Wollastonite paste in Fig. 3 shows the presence of CaSiO 3 , quartz ͑SiO 2 ͒, and CaO prominently with small amount Fe 2 O 3 , while microsilica paste in Fig. 4 shows SiO 2 as the principal constituent compound.
XRD pattern of paste having cementitious mix of 85% OPC and 15% wollastonite in Fig. 5 shows that there are peaks of unhydrated compounds like alite, belite, and CaSiO 3 with comparatively lower contents of Ca͑OH͒ 2 and CaCO 3 as compared to control paste. It is observed that admixing of wollastonite with OPC has reduced the peak of Ca͑OH͒ 2 and CaCO 3 considerably. XRD pattern of paste having 92.5% OPC and 7.5% microsilica in Fig. 6 shows strong peaks of few unhydrated alite, belite, and CSH and comparatively much lower peaks of Ca͑OH͒ 2 and CaCO 3 in comparison to control paste. The XRD pattern of paste having 82.5% OPC, 10% wollastonite, and 7.5% microsilica in Fig. 7 shows that the hydrated products like Ca͑OH͒ 2 and CaCO 3 were considerably reduced and CSH volume has increased significantly with respect to the control paste. Few peaks of wollastonite mineral and unhydrated compounds like alite and belite were also observed. The XRD patterns show that admixing of wollastonite and microsilica with OPC has lowered Ca͑OH͒ 2 and carbonation in pastes and increased the volume of CSH.
Mortar
High-Range Water Reducer Dosage of Mortar
The HRWR dosages of mortars are shown in Table 1 . It was observed that the HRWR dosage has increased in the range of 0.33-1.32% with admixing of wollastonite in equal increment of 2.5 up to 30% with OPC, while it has increased in the range of 0.32-0.75% with admixing of microsilica in equal increment of 2.5 up to 12.5% with OPC. Also, admixing of both wollastonite and microsilica with OPC, the HRWR dosage has increased from 1.0% for X2 ͑with 5% microsilica͒ to 1.6% for X3 ͑with 7.5% microsilica͒ while maintaining a uniform wollastonite proportion of 10%. It has also increased from 1.3% for X4 ͑with 5% microsilica͒ to 2% for X5 ͑with 7.5% microsilica͒ while wollastonite proportion was maintained uniformly at 15%.
Compressive Strength of Mortar
Compressive strength of control and admixed mortars are shown in Table 6 . Averages of five samples were used to obtain the data for compressive strength.
Compressive strength of all tested mortars has increased rapidly up to 28 days of moist curing, beyond which it was gradual up to 365 days. With the increase of wollastonite proportion in OPC-wollastonite mortar, the compressive strengths had gradu- ally decreased with respect to the control mortar for all curing ages, as shown in Fig. 8 . It was observed that up to 15% admixing of wollastonite was possible with OPC without appreciable loss of compressive strength. Up to this replacement level, the relative compressive strength of admixed mortar as compared to the control mortar was maintained between 83.1 and 89.5% for 3-365 days of curing. In case of OPC-microsilica mortar, it was observed from Fig. 9 that, with an increase in microsilica proportion up to 7.5%, the compressive strength has increased. Beyond this replacement level, the compressive strength has decreased for all days of curing. Relative compressive strength at 5% admixing was more than that of 10% admixing of microsilica at all curing ages as compared to the control mortar. Therefore, 10 and 15% of wollastonite and 5 and 7.5% of microsilica were suitable proportions for admixing with OPC to form new cementitious materials for further study. Fig. 10 shows that the compressive strength of OPCwollastonite-microsilica mortar has increased from mix designation X2 to mix designation X3 as compared to control ͑X0͒. This was under the respective increase of microsilica proportion from 5 to 7.5% at all ages of curing, having wollastonite proportion maintained at 10%. When wollastonite proportion was raised to 15%, admixing of 5% microsilica to OPC has lowered the compressive strength of mix designation X4 below the control. Also, admixing of 7.5% microsilica has made mix designation X5 to achieve compressive strength higher than the control mortar for 3-365 days of curing. The relative compressive strength of X3 and X5 were in the range of 106.4-111.1% and 100.6-102.8%, respectively, as compared to the control mortar. Therefore, mix designation X3 is the optimum mix proportion that has attained maximum compressive strength among all mixes at all curing ages. In the interest of economy, mix designation X5 would be preferable due to maximum utilization of low-cost wollastonite at 15% and having attained compressive strength higher than control mortar at all days of curing.
The mechanisms responsible for strength enhancement using fine grained pozzolans were identified as ͑1͒ strength enhancement by pore size refinement and matrix densification; ͑2͒ strength enhancement by reduction of Ca͑OH͒ 2 content; and ͑3͒ strength enhancement by cement paste-aggregate interfacial zone refinement ͑Feldman and Cheng-yi 1985; Cohen and Klitsika 1986; Cohen 1990; Rao 2003͒ . The transformation of large pores into finer pores, which is generally termed as pore refinement as a consequence of pozzolanic reaction, plays an important role in enhancing strength of admixed mortar. These findings when applied to the present work leads to infer that the presence of wollastonite and microsilica in conventional OPC mortar may cause considerable reduction in the volume of large pores at all ages, and therefore instrumental in enhancing the compressive strength.
The compressive strength of mortar as response variable f͑x͒ was found to be dependent on the days of moist curing x for the proportion of wollastonite at 10 and 15%, and the proportion of microsilica at 5 and 7.5% which was measured by a logarithmic function as follows:
where a = constant and b = coefficient of variable x. The prediction models are presented in Table 7 . From the experimental data, the variation of compressive strength of mortar as responsive variable f͑x͒ was again measured at combinations of values of variables x 1 ͑wollastonite proportion, %͒ and x 2 ͑microsilica proportion, %͒ using the model stated in Eq. ͑1͒. Predictive models for estimation of compressive strength at various ages are presented in Table 8 .
Conclusions
The results of this experiment lead to the following conclusions: 1. Wollastonite is a Class C pozzolan as per ASTM C618 ͑ASTM 2008b͒. When ground to fine powder, it attains an average particle size of 4 microns which is about 4.5 times finer than OPC. It has an average surface area of 842.7 m 2 / kg and retention on 45-micron sieve of 3.20%. SEM images show that wollastonite particles were solid, acicular in shape, and have rough surfaces. 2. Admixing of wollastonite causes increase in initial and final setting times up to 25 and 27.5% replacement of OPC, respectively, beyond which it decreases. Admixing of microsilica to OPC decreases the initial setting time, but the final setting time was mostly unaffected. Admixing of both wollastonite and microsilica to OPC caused a decrease in initial and final setting times with the increase of microsilica proportion from 5 to 7.5%. Mix designations X3 with 10% wollastonite and 7.5% microsilica and X5 with 15% wollastonite and 7.5% microsilica have setting times reasonably closer to the conventional OPC paste. Mix designation X3 has the potential to achieve the highest pozzolanic reaction and particle packing, while mix designation X5 has the potential of achieving maximum economy. Wollastonite is capable of reducing the OPC and microsilica proportion in the cementitious material which are costly ingredients of concrete. 3. Mortar mix designation X3 ͑82.5% cement, 10% wollastonite, and 7.5% microsilica as cementitious material͒ has presented the highest compressive strength of 54.4 MPa at 28 days, 61.0 MPa at 90 days, and 63.0 MPa at 365 days in the study. Mortar mix designation X5 ͑77.5% cement, 15% wollastonite, and 7.5% microsilica as cementitious material͒ has attained compressive strength of 50.3 MPa at 28 days, 56.2 MPa at 90 days, and 58.6 MPa at 365 days, which was higher than conventional OPC mortar, rendering maximum cement replacement and better economy. 4. Based on the experimental results, the cementitious material comprising OPC, wollastonite, and microsilica has a high potential for use in concrete work that requires high compressive strength. However, more research is needed on concrete and its durability aspects. 5. Strong logarithmic correlations were found to exist between days of moist curing and compressive strength of mortar. Also, strong linear correlations were found to exist between proportions of admixing of wollastonite and/or microsilica and compressive strength of mortar on specific 3, 7, 28, 60, 90, and 365 days of moist curing. Predictive equations for these correlations are presented. 
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